DHHC5 regulates β-AR signaling in heart Abbreviations β-AR Beta-adrenergic receptor GRK G protein-coupled receptor kinase PKA Protein Kinase A PAT palmitoyl acyltransferase NRVM neonatal rat ventricular myocytes ABE acyl-biotin exchange HA hydroxylamine ISO isoproterenol 17,299 characters Abstract S-palmitoylation is a reversible posttranslational modification that plays an important role in regulating protein localization, trafficking, and stability. Recent studies have shown that some proteins undergo extremely rapid palmitoylation/depalmitoylation cycles after cellular stimulation supporting a direct signaling role for this posttranslational modification. Here we investigated whether β-adrenergic stimulation of cardiomyocytes led to stimulus-dependent palmitoylation of downstream signaling proteins. We found that β-adrenergic stimulation led to increased Gαs and Gαi palmitoylation. The kinetics of palmitoylation was temporally consistent with the downstream production of cAMP and positive inotropic responses. Additionally, we identified for the first time that G protein-coupled receptor kinase 2 (GRK2) is a palmitoylated protein in cardiomyocytes. The kinetics of GRK2 palmitoylation were distinct from those observed with Gαs and Gαi after β-adrenergic stimulation. Knockdown of the plasma membrane-localized palmitoyl acyltransferase DHHC5 revealed that this enzyme is necessary for palmitoylation of Gαs, Gαi, and GRK2 and functional responses downstream of β-adrenergic stimulation. Our results reveal that DHHC5 activity is required for signaling downstream of β-adrenergic receptors.
Introduction
Beta-adrenergic receptor (β-AR) signaling is one of the key regulators of contractile functions in the heart. Like other G protein-coupled receptors (GPCRs), β-ARs associate with the heterotrimeric G proteins, composed of α, β, and γ subunits (Gilman, 1987; Simon et al., 1991) . Upon activation, β-ARs act as a guanine nucleotide exchange factor and replace the GDP with GTP in the G protein α subunit (Hendriks-Balk et al., 2008) . Cardiac β-ARs associate with both Gαs and Gαi, which can stimulate or inhibit adenylyl cyclase, respectively (Xiao, 2001; Rockman et al., 2002) . Adenylyl cyclase produces the secondary messenger cAMP, which activates multiple downstream effectors, including protein kinase A (PKA) (Ishikawa et al., 1992; Gottle et al., 2009) . PKA phosphorylates many substrates that alter contractile functions, including ryanodine receptors, the sarcoendoplasmic reticulum calcium ATPase (SERCA), and cardiac troponin I (Lindemann et al., 1983; Takasago et al., 1989; Valdivia et al., 1997) . Given the crucial roles of β-AR signaling in regulating cardiac function, it is not surprising that this pathway is tightly controlled. The β-adrenergic receptors are phosphorylated by GPCR kinases (GRKs) and are subsequently desensitized upon β-arrestin binding and downstream signaling (Inglese et al., 1993; Barak et al., 1999) .
Multiple members of the β-AR signaling pathway undergo protein palmitoylation, a posttranslational modification that adds a 16-carbon palmitic acid to cysteine residues via a labile thioester bond. Protein palmitoylation is catalyzed by a class of enzymes termed palmitoyl acyltransferases (PATs) . There are at least 23 mammalian PATs that share a conserved Asp-His-His-Cys (DHHC) domain that is essential for PAT activity (Fukata et al., 2004) . Most of the DHHC enzymes are localized to the Golgi apparatus and play crucial roles in the cycling of palmitoylated substrates between the Golgi apparatus and the plasma membrane. Recently our lab showed that the plasma membrane-localized DHHC21 is responsible for rapid, agonist-induced palmitoylation in T-cell signaling (Akimzhanov and Boehning, 2015) .
Small G proteins such as Gα are classic palmitoylated proteins, and this modification is crucial for their plasma membrane targeting and subsequent functions (Linder et al., 1993; Wedegaertner et al., 1993) . Studies in HeLa cells and primary hippocampal neurons suggested that Gα proteins can be palmitoylated by Golgi-localized DHHC3 and -7 (Tsutsumi et al., 2009) . The enzymatic activity regulating Gα protein palmitoylation in cardiac tissue is incompletely understood. Recently, the β 2 AR was reported to be palmitoylated at two cysteine residues in cardiomyocytes in a PKA-dependent manner resulting in internalization after sustained isoproterenol stimulation (Adachi et al., 2016) . In this study it was found that the Golgi-associated DHHC9, 14, and 18 may mediate this enzymatic activity. In order for palmitoylation to regulate GPCR signaling with kinetics consistent with a signaling role, presumably a plasma membrane localized DHHC enzyme should be activated. In cardiomyocytes the plasma membrane localized DHHC5 enzyme has been shown to be concentrated in caveolae and regulate the dynamic palmitoylation of phospholemman, a regulatory subunit of the Na pump (Tulloch et al., 2011; Howie et al., 2014) . Importantly, phospholemman palmitoylation is dependent upon PKA phosphorylation, indicating it is likely palmitoylated in a stimulusdependent manner (Tulloch et al., 2011) . Whether DHHC5 regulates the dynamic palmitoylation of other substrates after β-AR stimulation in cardiomyocytes is not known.
Here we show that Gαs, Gαi, and GRK2 are palmitoylated within minutes of β-AR activation in ventricular cardiomyocytes. The palmitoylation kinetics are consistent with the downstream cAMP production and changes in contractility. Knockdown of the plasma membrane-localized DHHC5 significantly inhibited agonist-induced palmitoylation and downstream responses indicating that this enzyme is required for β-AR signaling in cardiomyocytes.
Results and Discussion

Acyl-biotin exchange reveals palmitoylated proteins in the cardiac β-AR signaling pathway
Multiple methods have been developed to detect protein palmitoylation. The traditional method of metabolically labeling target proteins with [ 3 H]-palmitate is powerful, yet is not ideal for unbiased identification of multiple palmitoylation substrates because the efficiency of labeling is dependent on the ability of cells to incorporate labeled palmitate and the palmitate turnover rate of each individual protein (Drisdel and Green, 2004) . More recently, acyl-biotin exchange (ABE, Figure 1A ) has been exploited as an efficient way of detecting the palmitoyl proteome in various tissues and organisms (Roth et al., 2006; Kang et al., 2008; Dowal et al., 2011) . The first step of ABE is blocking the free cysteine sites on proteins in cell lysates by using the thioreactive compound N-ethylmaleimide. Subsequently the labile thioester bond at the palmitoylation site is cleaved using neutral hydroxylamine exposing the free thiol group that can be subsequently biotinylated. After biotinylation, proteins are pulled down using streptavidin beads and eluted, followed by Western blotting to detect palmitoylated proteins. We used multiple rat cardiac cell types, including the myoblast cell line H9c2, neonatal rat ventricular myocytes (NRVM), and adult murine left ventricular tissue for detection of palmitoylated proteins downstream of β-AR ( Figure 1B -D). We used calnexin as a positive control for protein palmitoylation in all experiments (Lynes et al., 2012; Dallavilla et al., 2016) . As expected, we found that Gαs and Gαi are palmitoylated in both cell types and in cardiac tissue. Additionally, we also identified GRK2 as a novel palmitoylation target in H9c2 cells. The PKA regulatory subunit showed low levels of palmitoylation in H9c2 cells consistent with a previous proteomic study (Gould et al., 2015) . No palmitoylation was detected for other proteins downstream of β-ARs, including adenylyl cyclase 5/6 or PKA catalytic subunits ( Figure 1B-D) . Interestingly, although we could detect robust GRK2 palmitoylation in H9c2 cells ( Figure 1B ), we could not detect GRK2 palmitoylation in either NRVMs or cardiac tissue (Figure 1 C-D). We have previously shown Src kinases are palmitoylated in a stimulus-dependent manner (Akimzhanov and Boehning, 2015) , and as such we hypothesized that GRK2 may be palmitoylated similarly in cardiomyocytes.
Activation of β-ARs induces rapid protein palmitoylation in cardiomyocytes
Previous studies in S49 mouse lymphoma cells and COS monkey kidney fibroblast-like cells suggested that stimulation of β-ARs increases the turnover of palmitate groups on Gα (Degtyarev et al., 1993; Wedegaertner et al., 1993) . Additionally, though GRK2 has never been shown as a palmitoylated protein, another member of the GRK family GRK6 has been shown to be palmitoylated at the carboxyl-terminal domain in COS-7 cells (Stoffel et al., 1994) . To examine whether Gαs, Gαi, and GRK2 proteins are palmitoylated upon β-AR activation in cardiomyocytes we stimulated primary NRVMs with the β-AR agonist isoproterenol (ISO) and collected lysates from 0 to 30 minutes. We then performed ABE to quantify palmitoylation levels of proteins of interest as in Figure 1 . We found that both Gαs and Gαi had significantly increased palmitoylation levels within a minute of ISO stimulation (Figure 2A,B ). By 30 minutes the palmitoylation levels of Gαs and Gαi were significantly reduced suggesting a temporally distinct activation of acyl protein thioesterases. In contrast, the kinetics of GRK2 palmitoylation were characterized by increased levels at later time points compared to Gα proteins and were maintained throughout the 30 minute time course (Figure 2A-B ). We next examined whether the agonist-induced palmitoylation is temporally consistent to downstream events mediating contractile functions. To test whether the kinetics of Gα palmitoylation correspond to downstream cAMP production, we measured intracellular cAMP levels in NRVMs after ISO stimulation. We found that cAMP levels increased within a minute of ISO stimulation and then decreased within 30min ( Figure 2C ), which was temporally consistent with the kinetics of Gα palmitoylation ( Figure  2A ,B). Isoproterenol is known to induce positive inotropy in NRVMs (Proven et al., 2006) . We used Fura-2 AM, a ratiometric calcium indicator, to monitor the intracellular calcium levels in spontaneously beating NRVMs. We observed an increase in calcium oscillation frequency (corresponding to beating frequency) within a minute of ISO stimulation, which like cAMP production, was consistent with the kinetics of Gα palmitoylation ( Figure 2D ). These results suggest that rapid palmitoylation of signaling proteins after β-AR stimulation may play a role in the assembly of the macromolecular β-AR signaling complex and efficient downstream modulation of cardiomyocyte contractility. To directly address this possibility, we targeted the enzymatic machinery potentially responsible for rapid palmitoylation of signaling proteins in cardiomyocytes.
The palmitoyl acyltransferase DHHC5 mediates β-AR signaling in cardiomyocytes
We have previously shown that the plasma membrane-localized DHHC enzyme DHHC21 is responsible for rapid agonist-induced palmitoylation of signaling proteins in T cells (Akimzhanov and Boehning, 2015) . Therefore, we hypothesized that the DHHC enzyme that catalyzes the ISO-induced palmitoylation in cardiomyocytes must similarly be localized to the plasma membrane. In addition to DHHC21, DHHC5 is one of the few DHHC enzymes that is plasma membrane localized (Ohno et al., 2006) . At the transcript level, DHHC5 is abundantly expressed in rat cardiomyocytes (Howie et al., 2014) . We analyzed the localization of DHHC5 in both the H9c2 rat myoblast cell line and NRVMs. Immunofluorescence staining showed that in both H9c2 and NRVMs, DHHC5 has a Golgi/ER localization (Figure 3 ). However, only in NRVMs is the plasma membrane localization of DHHC5 clearly evident, highlighting important differences between these two models ( Figure 3B ,C). To determine whether DHHC5 is responsible for ISO-induced palmitoylation in NRVMs, we used siRNA to knockdown DHHC5 in NRVMs ( Figure 4A ). We then performed ABE and found that agonist-induced palmitoylation of Gαs, Gαi, and GRK2 is reduced in DHHC5 knockdown cells ( Figure 4B ). Interestingly, basal levels of Gαs were increased suggesting a potential feedback loop between several DHHC enzymes to regulate Gαs palmitoylation ( Figure 4B ). Next we determined whether DHHC5 activity is required for signaling downstream of ISO stimulation in NRVMs. We found that DHHC5 knockdown cells have diminished levels of cAMP production following ISO stimulation ( Figure 4C-D) . Additionally, we found that DHHC5 knockdown cells no longer have an increased calcium oscillation frequency in response to ISO stimulation ( Figure 4E-F) . These data indicate that DHHC5 is essential for transmitting β-AR signaling in the heart, and this is likely mediated at least in part by regulating the palmitoylation state of Gαs, Gαi, and GRK2.
Our results show that DHHC5 is important for ISO-induced palmitoylation in cardiomyocytes. DHHC5 has a long C-terminal tail with a PDZ protein binding domain. One recent study suggested that the C-terminal tail of DHHC5 is important for its interactions with the substrate phospholemman in adult ventricular myocytes (Howie et al., 2014) . Additionally, in neurons phosphorylation of a tyrosine residue in the C-terminal tail of DHHC5 is key to its activity-regulated trafficking and subsequent substrate binding (Brigidi et al., 2015) . All of these studies suggested the importance of C-terminal tail in regulating DHHC5 activity. We propose that DHHC5 activity in the heart is likely to be tightly regulated, potentially by mechanisms related to β-AR signaling itself. One possibility is through PKA phosphorylation at Ser-704, part of a consensus PKA substrate motif KKXS, in the C-terminal tail. Therefore, future studies should be focused on elucidating the potential regulatory mechanisms that activate/inactivate DHHC5 in heart.
Very few studies have focused on the in vivo function of DHHC5 and its link to human diseases. One of the known substrates of DHHC5 is the neuronal scaffolding protein PSD-95 at the postsynaptic sites in neurons (Li et al., 2010) . Mice homozygotes for a hypomorphic allele of zdhhc5 gene showed defects in learning and memory (Li et al., 2010) . Curiously, PDZ-95 palmitoylation levels are not decreased in the hypomorphic mice, likely because PDZ-95 can also be palmitoylated by other DHHC enzymes in neurons (Greaves et al., 2011) . The DHHC5 hypomorph mouse model has not been studied for potential cardiac defects, though half of the homozygotes are lost before birth, suggesting its role in early development (Li et al., 2010) . Most of the studies on cardiac functions of DHHC5 focus on its substrate phospholemman in regulating sodium pumps in adult ventricular myocytes (Tulloch et al., 2011; Lin et al., 2013; Howie et al., 2014) . Our data indicates that DHHC5 likely plays crucial role in β-AR signaling, a pathway that is closely associated with heart failure and target of multiple treatments.
In this study we also identified GRK2 as a novel palmitoylated protein in cardiomyocytes. A previous study showed that the GRK6 is palmitoylated at a cluster of three cysteine sites 562, 565) in the carboxyl-terminal domain that is crucial for its plasma membrane localization (Stoffel et al., 1994) . However, this cluster of cysteine sites is not present in GRK2. Interestingly GRK2 is known to be isoprenylated, a non-reversible lipid modification, but isoprenylation alone is not sufficient for its plasma membrane targeting (Inglese et al., 1992) . Multiple studies have demonstrated that GRK2 directly binds the dissociated Gβγ subunits, which are also isoprenylated, and the formation of this complex is important for its plasma membrane localization and function (DebBurman et al., 1996; Daaka et al., 1997) . Here we demonstrated that GRK2 proteins are only palmitoylated upon β-AR activation in cardiomyocytes, and this is potentially another way of efficiently targeting GRK2 to the plasma membrane. Future studies, including site-specific mutagenesis to identify the palmitoylation sites, are required to elucidate the functional importance of GRK2 palmitoylation in the heart.
Materials and methods
Antibodies, constructs, and reagents
Mouse monoclonal anti-Gαs was purchased from Millipore (MABN543). Rabbit monoclonal anti-Gαi/o and rabbit polyclonal anti-calnexin was purchased from Abcam (ab140125, ab22595). Rabbit polyclonal anti-GRK2, anti-PKA C-α, anti-PKA RI-α/β were purchased from Cell Signaling (#3982, 4782, 3927) . Rabbit polyclonal anti-AC5/6 was purchased from Millipore (ABS573). Rabbit polyclonal anti-DHHC5 was purchased from Proteintech (21324-1-AP). Secondary antibodies conjugated to Alexa-488, Alexa-555 (Molecular Probes), peroxidase (Jackson ImmunoResaerch), IRDye 680LT, and 800CW (LI-COR) were used. Isoproterenol was purchased from Tocris (#1747) and was prepared fresh before use. Silencer Select DHHC5 siRNAs (s168613, s168614) and negative control medium GC duplex siRNA (12935112) were purchased from ThermoFisher Scientific. All other reagents were purchased at the highest possible purity from Sigma-Aldrich.
Cell culture
The rat myoblast H9c2 cell line was obtained from American Type Culture Collection (ATCC) and maintained according to ATCC guidelines. Neonatal rat ventricular cardiomyocytes (NRVMs) were prepared from 1 to 2 day-old Sprague-Dawley rat pups, as previously described (Garcia et al., 2017) . Animals were purchased from Texas Animal Specialties (Humble, TX) and processed on the same day. Cardiomyocytes were plated on Primaria polystyrene plates (Corning) or fibronectin-coated glass coverslips. Cells were initially maintained in a mixture of 40% DMEM, 40% Ham's F10 culture medium, and 20% FBS. Forty-eight hours after plating, the media was replaced by a mixture of 50% DMEM and 50% Ham's F10 culture medium, supplied with human recombinant insulin (Gibco), transferrin, and thyroxine (Sigma). Cytosine-B-D-arabino-furanoside hydrochloride (10µM, Sigma) was present in all culture medium to prevent proliferation of fibroblasts or endothelial cells. Cardiomyocytes were transfected with Lipofectamine 3000 following manufacturer's instruction. All experiments were carried out 48 hours following transfection and within one week of initial plating. The vertebrate animal procedures were approved by the Animal Welfare Committee (AWC) at UTHealth. For each assay, n represents number of biological replicates from different NRVM preps.
Preparation of adult left ventricular lysates
Frozen left ventricle tissue from adult rats was a gift of Dr. Karmouty-Quintana (UTHealth) and Drs. Youker and Amione-Guerra (Houston Methodist Hospital). Frozen tissue was homogenized and lysed in 1% β-D-maltoside in PBS, supplemented with a protease inhibitor mixture (Roche 11873580001) and the acyl protein thioesterases inhibitor ML211 (10µM, Cayman Chemicals), followed by centrifugation (8000 xg, 5min) to remove insoluble material. The cleared supernatant was stored at -80°C.
Acyl biotin exchange
NRVMs were plated at a density of 1,000 cells per mm 2 on 6-well plates. For control and DHHC5 knockdown experiments, the total amount of siRNA transfected was 30 pmol per 900,000 cells. NRVMs were stimulated with 10uM ISO at room temperature for indicated times, followed by scraping on ice and flash-freezing in liquid nitrogen. Cells were lysed in 1% β-D-maltoside in PBS, supplemented with a protease inhibitor mixture (Roche 11873580001) and acyl protein thioesterases inhibitor ML211 (10 µM, Cayman Chemicals). Acyl biotin exchange was performed as described previously with slight modification (Roth et al., 2006) . Briefly, proteins were precipitated by choloroform-methanol (CM) and incubated with 10mM N-ethylmaleimide (NEM) overnight at 4°C with gentle mixing. Following three rounds of CM precipitation, samples were incubated with 400 mM hydroxylamine (HA, pH=7, freshly prepared) and 1mM HPDP-biotin for 50 min at 37°C with gentle mixing. When a minus-HA treated sample was included, the sample was divided into two equal parts after the third precipitation and sodium chloride was used instead of HA. After three rounds of CM precipitation, samples were incubated with Streptavidin-agarose (Pierce) beads for at least 90 min up to 8 hrs at room temperature with gentle mixing. Following four rounds of washes, bound proteins were eluted for 15 min at 80°C with shaking in 30 µl of 1% β-mercaptoethanol and 2 mM DTT. The supernatant were transferred to new tubes and 20 µl of the sample were loaded onto a 4-20% gradient SDS-PAGE gel (BIO-RAD), followed by transfer to nitrocellulose membrane and immunoblotting.
cAMP ELISA
For quantification of intracellular cAMP levels, NRVMs were plated at a density of 875 cells per mm 2 on 24-well plates. Forty-eight hours following transfection, cells were stimulated with 1 µM ISO and assayed using the direct cAMP ELISA kit (Enzo) per manufacturer's instructions. Each experiment was performed with three biological replicates.
Calcium imaging
NRVMs were plated at a density of 300 cells per mm 2 on fibronectin-coated glass coverslips. Cardiomyocytes were loaded with Fura-2 AM as described previously (Garcia et al., 2017) . Images were taken on a Nikon TiS inverted microscope with an image taken every second. Isoproterenol (10 µM) was added after 2 min of baseline recording. An oscillation was counted when the Fura-2 ratio rose 10% above the baseline ratio. Oscillation frequencies before and after ISO were calculated from 5 coverslips for each condition and mean ± SEM were plotted as described (Garcia et al., 2017) .
Immunofluorescence staining
NRVMs were plated at a density of 250 cells per mm 2 on fibronectin-coated glass coverslips. H9c2 cells were plated at the same density on uncoated glass coverslips. Immunofluorescence staining was performed as described previously (Garcia et al., 2017) . Anti-DHHC5 was used at a concentration of 1:100. For the quantification of plasma membrane localization of DHHC5, the percentage of cells displaying clear plasma membrane localization from five separate fields was averaged. The investigator was blinded to the cell type for these counts. 
